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Constructing a Mathematical Model of a Fishery System to 
Estimate Ideal Aquaculture and Capture Fishery Production 

Minoru KADOT A la *, Shinsuke T ORISA W A la * , 

Takeshi Y AMANEI and Tsutomu T AKAGrl 

abstract 
The balance between capture fishery and aquaculture production is extremely important for main

taining and developing the fishery industry. In this study. we addressed the problem of optimizing aqua
culture and capture fisheries production from the viewpoint of effectively using finite aquatic resources. 
Our goal was to maximize total fishery production by controlling the ratio of aquaculture to capture fish
ery production. A simple mathematical model was constructed to describe total fishery production as the 
sum of capture fishery production and aquaculture production. This model did not consider any economic 
aspects. but simply focused on the production flow. Aquaculture and capture fishery production interact
ed in the model via the parameter a,which was defined as the ratio of capture fishery production that 
turned into aquaculture bait. It was assumed that there was a bounded exponential curve relationship 
between the amount of bait used in aquaculture and aquaculture production. It was also assumed that 
aquaculture production was not used for bait in aquaculture or capture fishery. Within this framework, 
total production was critically dependent on the parameter a. We also analyzed the F AO data (nonfood 
uses, aquaculture, and capture production data were used). The results indicated that total fishery pro
duction was maximized if the amount of the bait used in aquaculture is limited to about 15% of capture 
fishery production. Sensitivity analysis also indicated that the upper bound of a should be maintained at 
less than 18.9% to maximize total fishery production. 

1. Introduction 

Global aquaculture has grown dramatically over the 

past 50 years to approximately 52.5 million tons (68.3 

million including aquatic plants) in 2008, worth US$ 

98.5 billion (US$ 106 billion including aquatic plants). 

Aquaculture accounts for approximately 50% of the 

world' s fish food supply Oohn 2010). This section 

describes trends in capture fishery and aquaculture 

production. We then address issues affecting the future 

development of fishery (fishery is defined as the sum 

of aquaculture and capture fishery). 

2. Land aquaculture and land capture fishery 
production 

Global fishery production trends are discussed by 

reference to SOFIA of F AO. Fig. 1 shows land capture 
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fishery and aquaculture production. Land capture fish

ery production has recently increased by approximate

ly 10 million tons, as shown in Fig. 1. Aquaculture pro

duction also shows an increasing trend, but the 

increase has been approximately 30 million tons since 

2005. The linear rate of land aquaculture production 

increase was about 8 times that of the land capture 

fishery. Thus, aquaculture production has expanded 

significantly. 

When capture fishery production was compared 

with aquaculture production, it was found that aquacul

ture production was about 3 times capture fishery pro

duction. Land aquaculture production is expected to 

increase more in the future. The main factor facilitat

ing the remarkable expansion of land aquaculture pro

duction may be the demand for freshwater fishes in 

Asian and African regions. 

Key words: maximize fishery production model, aquaculture production, fishery production, fish meal 
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Fig. 1 Land fishery and aquaculture production 
based on the SOFIA report of F AO. 

This figure shows the significant increase in land aqua
culture production. Linear regression analysis indicates 
that y = 1.61 • (year) - 3188.R2 = 0.99 (1996-2006) for 
land aquaculture production and y = 0.21 • (year) - 401. 
R2 = 0.84 for land fishery production. The increase in the 
rate of land aquaculture production was 8 times that of 

land capture production. 

3. Marine aquaculture and marine capture 
fishery production 

Marine capture fishery and aquaculture production 

is shown in Fig. 2. Marine capture fishery production 

increased to more than 80 million tons. but a strongly 

increasing trend is not apparent in Fig. 2. This is 

probably because marine capture fishery production is 

thought to have reached its upper bound in recent 

years. Fisheries resources have been decreased by 

excessive fishing and environmental destruction. 

which has limited any potential increase in marine 

fishery production. However. this has not been demon

strated in a scientific manner. In contrast, marine 

aquaculture production has gradually increased. The 

increase in marine aquaculture production was 

approximately 0.56 times that of land aquaculture pro

duction. The increasing rate of production is due to 

land aquaculture production exceeding that of marine 

aquaculture. 

4. Fishmeal 

Further evidence of rapid growth in aquaculture 

production can be seen in the amount of fishmeal pro

duced. Naylor (2009) showed that aquaculture's 

share of global fishmeal and fish oil consumption more 

than doubled over the past decade to 68% and 88%, 

respectively. using feed data from Tacon (2008). 
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Fig. 2 Marine fishery and aquaculture production 
based on the SOFIA report of F AO. 
Linear regression analysis indicates that y 0.97 • (year 

-1936. /(2= 0.99 (1996 - 2006) for marine aquaculture. 
Marine fishery production might be considered as con
stant for selected time periods. 

which was derived from the Food and Agriculture 

Organization. the International Fishmeal and Fish Oil 

Organization (IFFO). a global survey of feed manu

facturers. farmers. researchers. fisheries specialists. 

and other stakeholders in 50 countries from December 

2006 to October 2007. This trend reflects the rapid 

growth in aquaculture production. Aquaculture is a 

major consumer of nonfood fish as a feed input. For 

example. it was estimated that aquaculture consumed 

the equivalent of 23.8 million tons of small pelagic for

age fish in the form of feed input in 2006 (Albert 

2009). However. this statistic is uncertain. because the 

statistical data only includes data from China. There 

are continued indications that fishery and aquaculture 

production statistics for China may be too high (F AO 

2008). China is by far the largest producer and the 

global leader in world fishery and aquaculture indus

try. and therefore. China needs to be discussed sepa

rately. Therefore. Chinese production statistics were 

excluded from this study. 

Thus. global aquaculture production has grown rap

idly. It is considered that further growth in aquacul

ture production could provide an answer to the grow

ing problem of insufficient food supply in the world. 

However. fish supply prospects will depend to a large 

extent on the effectiveness of fishery management. 

Further development of aquaculture could impact a 

number of factors. such as water pollntion and ecosys

tem. For example. the cultivation of fish. such as tuna. 

does not help the food supply problem. because they 



Constructing a Mathematical Model of a Fishery System to 
Estimate Ideal Aquaculture and Capture Fishery Production 199 

need to consume more fish during their production. 

According to the Ministry of Agriculture, Forestry 

and Fisheries (2009), 1O~ 15 tons of sardines must be 

caught to use as feed and produce 1 ton of farmed 

tuna. As the tuna farming industry expands, it will 

require more wild fish for feed. Thus, fish placed high 

in the food chain are less efficient sources of food ener

gy. Many wild fish eaten by farmed tuna are dis

charged directly into the environment as excrement 

or urine. More than 80% of bait is deposited as waste 

and subsequently cause environmental damage. 

Unfortunately, farming species such as cod, salmon. 

and snapper will have the same environmental impact 

as tuna farming. 

Therefore, it is important to understand the extent 

to which aquaculture production should be allowed to 

expand. In this study, we identified the appropriate 

aquaculture supply using a theoretical framework. 

First, we evaluated capture fishery and aquaculture 

from the prospect of production, and built a mathemat

ical model describing production flow. Then, we identi

fied a critical point in aquaculture production in order 

to maximize total fishery production. Economic issues 

were not considered in the present study. 

5, Materials and methods 

1) Model of fishery and aquaculture system 

The aim of this section was to simplify the fishery 

system and construct a mathematical model describ

ing total production as a sum of catch fishery and 

aquaculture production. Aquaculture depends mainly 

on fishmeal from capture fishery production, so aqua

culture production is highly influenced by fishmeal. 

Therefore, we chose the amount of fishmeal as the key 

parameter in the system and expressed aquaculture 

production as a function of fishmeal. The ultimate goal 

was to determine the percentage of catch production 

that should be used as fishmeal for aquaculture in 

order to maximize fishery production. 

2) Model formulation 
For ease of reference, a list of the principal symbols 

used is given below. 

Ye production due to capture fishery 

Ya production due to aquaculture 

YI total fishery production 

a ratio of capture fishery production used for 

fishmeal in aquaculture 

f the aquaculture system function. The input of 

this function f was the amount of fishmeal. 

and the output was aquaculture production. 

For a concrete description of the type of problems 

to be studied, consider the following situation. Suppose 

that production by capture fishery in a certain year 

was Ye. Fishmeal used by aquaculture depends on the 

output of capture fishery Yc, and so, if, in this year, a 

percent of capture fishery output (aYe) was used as 

fish-meal by aquaculture, then Ya = f (aYc) was pro

duced by the aquaculture. Therefore, total fishery pro

duction Yi is the sum of capture fishery production 

excluding the amount of fishmeal used in aquaculture 

(Yc- aYc) and the aquaculture production (Ycl). In terms 

of these variables, Yi is expressed as follows. 

Yl= (1 - a) Ye+ Ya= (1- a) Yc+ f (aYc) ...... (1) 

Equation (1) describes the total fishery production in 

terms of a and Yr. A systematic diagram of this system 

is shown in Fig. 3. 

3) Modeling the aquaculture system 

In this section, we define a function describing the 

relationship between fishmeal and aquaculture produc

tion. We assume that aquaculture production cannot 

increase infinitely, because (1) the size of a tank or net 

is limited; (2) the number of fish tanks or nets is limit

ed, (3) estimating values for parameter (3 is easier than 

that for other models. 

Thus, it is reasonable to suppose the aquaculture 

production Ya is limited. Therefore, the bounded expo

nential function of the next form is adapted as follows: 

...... (2) 

where 

lim Ya=A ...... (3) 
aY, _0:: 

Schematic Diagram of the system 
1------------------------------------------------1 

: Catch Fish Meal Aquaculture Fishery l 
: Product Product Product: 

, (l-a)Y, I: 

Catch Product -Fish Mea![kgJ 

~------------------------------------------------! 
Fig. 3 Systematic diagram of production flow in the 

fishery system. 
The total fishery production Y, is the sum of (capture 

fishery production-fish me all and aquaculture production. 
This can be expressed as Y, = (1 - a) Yc + Ya. 
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Thus, A is the limiting value of Ya, which is the 40 

largest value that the aquaculture production can 

reach given infinite fishmeaL (3 defines the increased 

rate of aquaculture production, The value of the rate 

(3 represents the production increase of Yo with 1 mil

lion tons of fishmeaL 

4) Maximizing fishery production 

Replacing Ya on the right-hand side of equation (1) 

by (2) gives the following. 

Total fishery production is expressed as a function 

of fishmeal a. The maximum point of total fishery pro

duction with respect to fishmeal can be determined 

by taking the first derivative of the nonlinear equa

tion (4), with respect to a and setting it to equal zero, 

(~~ = 0), which yields the following: 

a'= log(A.(3) ...... (5) 
(3.Ye 

It is possible to estimate the ideal aquaculture pro

duction as follows. 

The ideal aquaculture production estimated by 

equation (6) is a function of Ye. This indicates that it is 

necessary to decide aquaculture production based on 

the amount of capture fishery production. 

6. Results 

1) Estimation of parameters A and /3 
Ideally, system parameters A and (3 (in equation (2) 

should be estimated based on fishmeal vs. aquaculture 

production data, if such a data set exists. However, the 

precise amount of fishmeal used in aquaculture is not 

available. The most relevant fishmeal data might be 

described as nonfood uses in the F AO report known 

as SOFIA. There is strong evidence that a relationship 

exists between fishmeal and nonfood uses in SOFIA. 

For example, the reports mention that, "in 2006, more 

than 110 million tons (77%) of the world's fish 

production was used for direct human consump

tion. Almost all of the remaining 33 million tons 

was destined for nonfood productions, in particu

lar the manufacture of fishmeal and fish oil." 

Unfortunately, the proportion of nonfood uses that 

were consumed as fishmeal is uncertain. Therefore, we 

assumed that 50% of nonfood uses can be attributed to 

fishmeal in aquaculture and estimated the values of A 
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Fig. 4 Fifty percent of nonfood uses in F AO statis
tics were assumed to be used as fishmeal in 
aquaculture. 

Values in aquaculture production were plotted as 
black dots. A =40 was assumed and nonlinear fitting was 
used to estimate the value of /3. (China dominates the 
major categories of global aquatic production). The coef
ficient of determination R2 for this nonlinear fitting was 
0.95. 

and (3 with a nonlinear fitting method. 

In Fig. 4, the x-axis represents fishmeal. which cor

responds to half of nonfood use values (year 2002. 

2003, 2004, 2005, and 2006). while the y-axis represents 

the corresponding marine aquaculture production in 

those years. We also assumed that A=40 and we 

applied a fitting method to these data to estimate the 

value of (3=0.04. 

2) Estimation of a and Yaideal 

The appropriate amount of fishmeal and aquaculture 

production Yaideal for each year (2002~2006) was cal

culated using equations (5) and (6). The results are 

shown in Table 1, 

3) Sensitivity experiments for a and /3 
In section 3.2, equation (5), a' was calculated using (3 

=0.04 and A=40. We further investigated the sensitivi

ty of a', as compared to (3 and A. Fig. 5 shows the sen-

Tabel 1 Values in the first and second row repre
sent total capture and aquaculture produc
tions in million tons. 

Yc 

Ya 

a 

Data are derived from F AO SOFIA (2006). 
Values in the third and fourth row were calculat
ed using equations (5) and (6). 

2002 2003 2004 2005 2006 

(Million Tons) 76.7 73.7 77.7 77.1 74.9 

(Million Tons) 12.6 13.8 15.3 16.1 17.2 

0.l53 0.l54 0.153 0.154 0.157 

yjdeal (Million Tons) 15 14.5 14.9 15.1 15 



Constructing a Mathematical Model of a Fishery System to 
Estimate Ideal Aquaculture and Capture Fishery Production 201 

0.2 

0.16 

0.12 

a 
0.08 

0.04 

0.2 0.4 0.6 0.8 

~ 
Fig. 5 Sensitivity experiment for the parameter 

a' with respect to changes in /3. 
log (A· (J) 

In these experiments. a'= /3 was calculated 
'y, 

with A=40. and y, = 77.7. a' reached a maximum value of 

0.189 at a'= = 0.068. 

0.4 

0.3 
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0.1 

~o 40 50 60 70 80 

A 
Fig. 6 Sensitivity experiment of the parameter a' 

with respect to changes in il. 
log (A· /3) 

In these experiments. a'= /3 was calculated 
'y, 

using /3 0.04. and y, = 77.7. An increase of a' is propor-

tional to log (A) . 

sitivity of a' to a change in /3 (A = 40 and Yc= 77.7). The 

value of a' was positive and increased when < /3 < 

~, and decreased when /3 > ~, as shown in Fig. 5. 

where a' reached a maximum value of 0.189 when 

{J = = 0.068. 

The sensitivity of a' to changes in A (/3 = 0.04 and 

Yc= 77.7) is shown in Fig. 6. When other parameters 

(/3 and Yc) were constant, a' increased in proportion to 

the logarithm of A. The sensitivity of a' to Yc is not 

shown here, but a' decreases by if A and /3 are con

stant. 

7. Discussion 

The aim of this study was to quantitatively evaluate 

total fishery production by constructing a mathemati

cal model using statistical data. Carnivorous fish, such 

as tuna and salmon. require a high protein diet. 

Several kilograms of wild fish are required as feed to 

produce each kilogram of farmed fish. From the view

point of effective use of finite natural resources, the 

rapid increase in aquaculture production could have a 

negative impact on aquatic ecosystems simply because 

aquaculture demands more fish than it produces. 

Therefore. we estimate the appropriate aquaculture 

supply using a theoretical framework. 

We evaluated capture fishery and aquaculture pro

duction prospects and built a simple mathematical 

model of fishery systems to identify a critical point in 

aquaculture production that would maximize total fish

ery production. This critical point was found by esti

mating the percentage of capture fishery production 

that should be used as fishmeal by the aquaculture 

industry. 

This ratio was denoted as a and expressed in terms 

of 2 parameters (A and (3) associated with aquacul

ture systems. No direct data was available allowing us 

to estimate the values of A and /3, and so, we made the 

following assumptions: (1) the amount fishmeal is 

equivalent to half of the nonfood uses found in F AO 

statistical data and (2) the upper bound of aquaculture 

production was assumed to be 40 million tons in order 

to use a fitting method. 

Based on these assumptions and values for capture 

fishery production between 2002 and 2006, each year's 

a was calculated (Table 1). A value of a~0.15 maxi

mized total fishery production, but there was differ

ence in the amount of capture fishery production 

every year. We also studied the sensitivity analysis of 

a with respect to /3. When A=40 million tons and Y= 

77.7 million tons were fixed as constants, our result 

indicated that a increased up to maximum of 0.189. 

This analysis allowed us to estimate an upper bound 

for a. 

This result indicated that the upper bound of the 

amount of fishmeal allocated from capture production 

to aquaculture should be kept below 19%. We conclud

ed that as the aquaculture industry expands, it will 

continue to require captured fish for fishmeal and this 

needs to be controlled. If 15~ 19% of captured fish are 

used for feed, it might maximize the total fishery pro

duction. 

We also estimated the ideal values for aquaculture 
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production (shown in Table 0. This analysis suggest

ed that aquaculture production in the years 2004. 2005. 

and 2006 might be overproduction. However our 

model tended to estimate the value of y/deal as smaller 

than as it should be for several reasons. Our model 

assumed that fishmeal use for cultivation came only 

from the output of the capture fishery. However. this 

is not the case in reality. Various form of bait are used 

in aquaculture. With the growing demand from aqua

culture. it appeared necessary to reduce the propor

tion of fishmeal in aquaculture feed. Therefore. other 

sources of protein have been developed to replace fish

meaL in particular. use of plant raw materials, while 

seeking to conserve the nutritional and organoleptic 

qualities of aquacultured fish. Building such effects 

into this model might give larger values. 

It is difficult to verify whether the values of a and 

y/dcal are realistic. but it is important to pay attention 

to these suggested values as a warning of the rapid 

recent increase in aquaculture production. In other 

words, an important message from this research is 

that the unchecked increase in aquaculture production 

will not contribute to the protein supply for the 

human race. 
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和文要雷

i毎Tm魚類養娘業に使用される餌設は大部分が， 1毎回漁業により生産されたもので構成されている O そのた

め，当該養殖生産量は海部漁業生産量とそこから養総生産用餌量に転換される割合に強く支配されることが

予想できる。本論文は，ii，正而漁業生産量が海部養殖生産量‘に与ーえる影響をシンプルな数理モデルを導入する

ことによって評価する方法を提案するものである。海面食料生産量ーの噌減をできるだけ街易に評価する方i去
を提示し，得られた結果から，現況の海面養殖生産量の限界が評filfiで、きる可能性を示した。
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